ABSTRACT The efficacy of an Escherichia coli 6-phytase supplementation (Quantum) on nutrient digestibility-retention and bone ash in laying hens fed corn-soybean meal (CSM) diets was investigated. White Leghorn hens (Shaver and Bovan strains) were fed CSM diets containing 0.35% (positive control, PC), 0.25% (negative control 1, NC1), or 0.15% (negative control 2, NC2) nonphytate P from 21 to 61 wk of age. Six more diets were manufactured by supplementing the negative control diets with 200, 400, and 600 units per kilogram of exogenous phytase resulting in a total of 9 treatments. Each dietary treatment × strain subclass was replicated twice with 6 hens per replication. Fecal and ileal digesta samples were collected at 42 wk of age to determine apparent nutrient digestibility or retention. Left tibiae were collected at 42 and 61 wk of age to determine bone ash. The coefficients for ileal digestibility and fecal retention for protein were higher (P < 0.05) for the unsupplemented negative control treatments compared with the PC. A linear reduction in phytate digestibility and ileal protein digestibility was reported with increasing levels of phytase to the NC1 diet. Phytase addition to the NC1 treatment resulted in a linear decrease in the digestibility of amino acids except for methionine and proline. Significantly higher phytate digestibility was demonstrated with the NC2 treatment containing 400 units per kilogram of phytase compared with the PC. Tibial bone ash percentage was higher (P < 0.05) in 61-wk-old hens fed 200 or 400 units per kilogram of phytase-supplemented NC2 diets. Significantly higher diet AME and fecal protein retention were demonstrated for Shaver hens in comparison to the Bovan hens. Overall, the Quantum phytase was not efficacious at improving nutrient digestibility-retention in laying hens fed CSM diets deficient in nonphytate P.
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INTRODUCTION
Phytate, the mixed salts of phytic acid (myoinositol 1, 2, 3, 4, 5, 6-hexakis dihydrogen phosphate) is a ubiquitous component of plant-sourced feed ingredients, which accounts for approximately two-thirds of the total P found in plant-based diets (Ravindran et al., 1995) . The P that is associated with phytate in feed is poorly utilized by monogastric animals due to low levels of phytase activity in their digestive tracts (Maenz and Classen, 1998) . The use of phytate P by singlestomached animals has been reported to vary from less than 10 to over 50% Ravindran et al., 2001) . It is well recognized that phytate reduces the availability of P and other minerals, such as Ca, Zn, and Cu. Similarly, it is speculated that phytate may also affect the availability of nutrients such as protein, amino acids, and energy in poultry feed ingredients. Due to its polyanionic nature, the phytic acid molecule can chelate di-or trivalent cations and interact with carbohydrates and proteins, reducing their availability to poultry .
Microbial phytase supplementation has the ability to significantly improve phytate P utilization in poultry diets and the results have been well documented by several researchers (Simons et al., 1990; Augspurger and Baker, 2004; Rutherfurd et al., 2004; Snow et al., 2004) . Dietary phytase supplementation also has the ability to influence protein and amino acid digestibility in broiler chickens (Augspurger and Baker, 2004; Snow et al., 2004) and laying hens (Liebert et al., 2005) . The results from previous research on this topic are variable, but overall, they tend to indicate that phytase improves protein and amino acid digestibility and availability in poultry diets Rutherford et al., 2004) . Improvements in protein and amino acid digestibility due to phytase supplementation would also be expected to result in improved energy utilization in poultry. Published data on the effects of exogenous phytase on AME are less extensive and variable. Ravindran et al. (2000 Ravindran et al. ( , 2001 and Newkirk and Classen (2001) demonstrated an improvement in AME with phytase supplementation in broiler diets, whereas Onyango et al. (2005) found that AME was not improved by dietary phytase supplementation.
The majority of the research regarding the effects of phytase supplementation on nutrient digestibility has been performed with broiler chickens; data are very limited with laying hens. The efficiency of phytase supplementation in layer diets is still under discussion because of an open debate about the nonphytate P (NPP) requirement of laying hens and factors influencing phytate degradation by exogenous phytase in the gastrointestinal tract of layers. Jalal and Scheideler (2001) documented that supplementation of phytase in normal, corn-soybean meal (CSM) diets improved Ca and P digestibilities, feed intake, feed conversion and egg mass, and elicited a response in shell quality and egg components at the low NPP (0.10%). Snow et al. (2003) observed no phytase effect on ileal amino acid digestibility in molted laying hens. However, it should be remembered that all phytase products are not equal and may result in variation when looking at their effect on nutrient digestibility and retention. Phytase enzymes differ in the source from which they are derived. They may differ in characteristics such as optimum pH, thermostability, and ability to resist hydrolysis within the digestive tract. Any difference in these characteristics will affect the ability of the phytase enzyme to function effectively and consistently within the digestive tract (Onyango et al., 2005) . Therefore, all phytase enzymes produced must be tested in vivo to ensure efficacy before they are introduced to the monogastric feed market.
Previously, there has been no or little work done on the effect of an Escherichia coli-derived 6-phytase supplementation (Quantum phytase) in laying hen diets. The present study was, therefore, conducted to assess the efficacy of Quantum phytase on digestibility and retention of various nutrients (phytate, ileal and fecal protein, amino acids, and diet AME), tibia bone ash, and digestive tract characteristics in White Leghorn laying hens fed CSM-based diets containing varying levels of NPP.
MATERIALS AND METHODS
The current trial was run in conjunction with a 40-wk (21 to 61 wk of age) production trial (Hughes et al., 2008) . The experimental protocol was approved by the Animal Care Committee of the University of Saskatchewan and was performed in accordance with recommendations of the Canadian Council on Animal Care (1993) as specified in the Guide to the Care and Use of Experimental Animals.
Birds and Housing
At 17 wk of age, a total of 216 White Leghorn pullets (108 each of Shaver White and Bovan strains) were housed in cages (cage dimensions = 30.5 × 46 cm with a height of 52 cm; floor space per hen = 468 cm 2 ) under controlled climate conditions at the Poultry Centre on the University of Saskatchewan campus. Three hens were kept in each cage and the experimental unit consisted of 2 adjoining cages. Starting at 18 wk of age, the lighting program was changed from 8L:16D to 14L:10D with a light intensity of 10 lx. The ambient temperature was maintained at a minimum of approximately 20°C throughout the trial. During the preexperimental period (i.e., up to 21 wk of age), a commercial laying hen diet was offered ad libitum, whereas from 21 wk onwards, the hens were randomly assigned to 1 of the 9 dietary treatments. Each dietary treatment × strain subclass was replicated twice with 6 hens per replication.
Experimental Diets
The ingredient and nutrient composition of the experimental diets is depicted in Table 1 . Three isocaloric (2,900 kcal/kg) and isonitrogenous (16.90% CP) CSM-based diets based on NRC (1994) recommendations were formulated to contain 3 levels of NPP: 0.35% (positive control, PC), 0.25% (negative control 1, NC1), and 0.15% (negative control 2, NC2). The Ca supply was equal (3.8% of the diet) for all dietary treatments. The PC diet was fed without supplemental phytase. Each NC diet was prepared as a single batch in a horizontal mixer. Appropriate quantities of each NC diet were selected and phytase was added before remixing with and without 200, 400, and 600 units per kilogram of supplemental phytase. The phytase used was an evolved E. coli 6-phytase (Quantum phytase, Syngenta Animal Nutrition Inc., Research Triangle Park, NC) optimized for improved gastric and thermal tolerance and expressed in Pichia pastoris. Celite (Celite Corporation, Lompoc, CA), an indigestible marker, was mixed in experimental diets at a concentration of 1.5%. The celite-added diets were fed for 7 d from 42 wk onwards (i.e., until the end of the digestibility trial). Birds had free access to feed and water throughout the experiment.
Sample Collection and Laboratory Analyses
On d 5 of the experimental week (from wk 42 onwards), trays were placed beneath each cage and feces were quantitatively collected twice per day for the next 2 d. Feed consumption was also determined for these 2 d. Feces were pooled by replication and immediately frozen. They were freeze-dried, mixed, and subsampled for further analysis. On d 7 of the experiment, all hens were humanely killed by cervical disloca-tion. The digestive tracts were removed immediately and digesta samples were collected from the terminal ileum (i.e., midway between Meckel's diverticulum to 2 cm anterior to the ileocecal junction). The digesta samples were also pooled per replication, frozen, and then freeze-dried before analysis. The gut length and empty weight were measured for each section of the small intestine (duodenum, jejunum, and ileum). The left tibia of each hen was collected at 42 wk (middle of 40-wk production trial) and 61 wk (end of 40-wk production trial, Hughes et al., 2008) of age to determine bone ash (AOAC, 1990) .
Diet, ileal digesta, and fecal samples were analyzed for moisture, crude N, acid insoluble ash, and gross energy. Moisture was determined by method 930.15 of the AOAC (1990), whereas gross energy was determined using an oxygen bomb calorimeter (model 1281, Parr Instruments, Moline, IL). Crude N content was determined by the combustion method (984.13; AOAC, 1995) using a Leco FP-528 protein analyzer (St. Joseph, MI). Amino acid content of the diet and ileal digesta samples was determined by the method described by Llames and Fontaine (1994) . The apparent digestibility calculations were based on the use of acid insoluble ash as the indigestible marker, which was determined by the procedure of Vogtmann et al. (1975) . Phytate (myoinositol hexaphosphate to myoinositol diphosphate; IP 6 to IP 2 ) in the diets and ileal digesta was determined as per the method described by Newkirk and Classen (1998) using HPLC.
Data Analyses
The data were analyzed as 2 separate experiments using PC as the control group with each NC treatment. Each set of experimental data was analyzed as a 5 × 2 factorial arrangement (5 experimental diets × 2 strains) using the PROC GLM of SAS (SAS Institute, 2002) . Treatment means were compared using Duncan's multiple range test. Regression analysis was used as appropriate. Differences were considered significant when P < 0.05 and all differences were noted when P < 0.10.
RESULTS
The nutrient composition of the PC and NC diets are shown in Table 1 . The analyzed Ca level was higher than the planned level, but it was consistently higher across the diets. The high Ca level was due to the fact that the soybean meal contained much higher Ca (0.63%) than the expected level (0.25%). Contrary to Ca values, the analyzed total P levels were lower than expected.
Nutrient Digestibility-Retention, Tibial Ash and Digestive Tract Characteristics: PC and NC1 Comparisons
The effects of dietary P (0.35 and 0.25%) and phytase level (200, 400, and 600 units per kilogram of diet) on digestibility and retention coefficients of phytate, ileal protein, fecal protein, as well as diet AME n and tibial ash values are presented in Table 2 . The coefficients of ileal digestibility and fecal retention for protein were significantly (P < 0.05) higher for NC1 (without phytase supplementation) compared with PC. There was no difference (P > 0.05) in diet AME n , apparent digestibility of phytate, and tibial ash percentage between hens fed either PC or NC1 without phytase supplementation.
The ileal digestibility and fecal retention coefficients for protein were lower (P < 0.05) for NC1 supplemented with 600 units per kilogram of phytase compared with unsupplemented NC1 (Table 2) . However, fecal protein retention was improved for the NC1 supplemented with 200 and 400 units per kilogram of phytase compared with the PC. With increasing levels of phytase addition to the NC1 diet, a linear reduction in phytate digestibility and ileal protein digestibility was observed. A dietary treatment × strain interaction was observed for fecal protein retention (P = 0.001).
No significant differences were observed in tibial ash percentage of hens at 42 or 61 wk of age fed either the PC or NC1 treatment, regardless of phytase supplementation. The type of bird strain (Bovan or Shaver) had no effect on the digestibility of various nutrients studied. At 61 wk of age, tibial ash percentage was significantly (P < 0.05) higher in Shaver than in Bovan hens. The effect of dietary P and phytase levels on apparent ileal digestibility coefficients of amino acids in laying hens is presented in Table 3 . The coefficients of digestibility of cysteine, aspartate, alanine, and valine were significantly (P < 0.05) reduced for NC1 with 600 units per kilogram of phytase supplementation compared with the unsupplemented NC1. Also, phytase supplementation to the NC1 treatment resulted in a linear decrease in digestibility of all amino acids except for methionine and proline.
Hens fed unsupplemented NC1 had significantly reduced ileum length in comparison to those who received the PC diet (Table 4 ). The addition of phytase to the NC1 treatment resulted in a linear increase in jejunum and ileum length to levels that were equal to or greater than those observed for the PC hens. The lengths of the jejunum and ileum were increased (P < 0.05) in birds fed 600 units per kilogram of phytase-supplemented NC1 diets than those fed unsupplemented NC1. The weights of different intestinal segments were not significantly different between the PC and NC1 treatments, regardless of exogenous phytase addition. However, dietary treatment × strain interactions were observed for duodenum (P = 0.003) and jejunum (P = 0.031) weights.
Nutrient Digestibility-Retention, Tibial Ash and Digestive Tract Characteristics: PC and NC2 Comparisons
The effects of dietary P (0.35 and 0.15%) and phytase levels on digestibility and retention coefficients of phytate, ileal protein and fecal protein, diet AME n , and tibial ash values are shown in Table 5 . The fecal protein retention coefficient was significantly (P < 0.05) higher for the unsupplemented NC2 treatment compared with the PC.
Exogenous phytase supplementation at various concentrations to NC2 diet resulted in no significant improvement in digestibility of phytate and ileal protein, or retention of fecal protein compared with unsupplemented NC2 (Table 5 ). Significantly (P < 0.05) higher phytate digestibility was demonstrated with NC2 treatment containing 400 units per kilogram of exogenous phytase compared with the PC. Diet AME n was significantly improved with 200 units per kilogram of phytase, whereas the positive effect of phytase supplementation disappeared with higher levels of phytase. Significantly higher diet AME n (1.24% higher) and fecal protein retention (13.4% higher) were demonstrated for Shaver hens in comparison to the Bovan strain.
At 61 wk of age, the tibial ash percentage was significantly higher in hens fed the PC diet than those fed the unsupplemented NC2 diet. Bone ash percentage was higher (P < 0.05) in 61-wk-old hens fed 200 or 400 units per kilogram of phytase-supplemented NC2 diets compared with those given unsupplemented NC2. However, at 42 wk of age, there was no difference (P > 0.05) Means within a row (within dietary treatments and strain) with different superscripts are significantly different (P < 0.05). 1 Nonphytate P (%)/phytase (units/kg). 2 Regression analyzed within the negative control 2 treatment only. 3 P > 0.05. in tibial ash percentage in birds fed either the PC or the NC2 diet, regardless of phytase supplementation. The effect of dietary P (0.35 and 0.15%) and phytase levels on apparent ileal digestibility coefficients of amino acids is presented in Table 6 . No significant differences were observed between the PC and NC2 treatments for amino acid digestibility regardless of phytase addition.
The empty weight of duodenum was lower (P < 0.05) in hens receiving the unsupplemented NC2 diet compared with those fed the PC (Table 7) . No significant differences were observed between the PC and NC2 treatments, regardless of phytase addition, for the lengths and weights of various segments of digestive tracts except that jejunum length increased significantly in hens fed NC2 with 400 units per kilogram of phytase compared with unsupplemented NC2. The duodenum and jejunum were significantly longer in Bovan hens compared with the Shaver hens. Dietary treatment × strain interactions were also observed for duodenum weight (P = 0.016).
DISCUSSION
The results of the present study demonstrated that in laying hens, the digestibility or retention of nutrients (phytate, protein, amino acids, and diet AME n ) of CSM-based diets containing low levels of NPP (0.25 or 0.15%) was comparatively higher than with a higher level of NPP (i.e., 0.35%). This is an indication that excess levels of P in the diet can actually have a negative effect on the digestion of nutrients in laying hens. Previously, Ravindran et al. (2006) demonstrated that when total P was decreased from 0.67 to 0.53% in broiler diets, the diet AME, ileal P, Ca, protein, and amino acid digestibility were increased. Silversides et al. (2004) also reported an increase in diet AME and Table 6 . Effect of dietary P (0.35 and 0.15%) and phytase level on apparent ileal digestibility coefficients of amino acids in laying hens fed corn-soybean meal-based diets Means within a row (within dietary treatments and strain) with different superscripts are significantly different (P < 0.05). 1 Nonphytate P (%)/phytase (units/kg). 2 Regression analyzed within the negative control 2 treatment only. 3 P > 0.05. P digestibility when NPP was decreased from 0.40 to 0.23% in broiler diets. The data presented in this paper show similar results for most of the nutrients studied. The effect of diet NPP level on protein and amino acid digestibility appears to be level-dependent. In the NC1 (0.25% NPP) diets, adding phytase caused a negative effect on protein and amino acid digestibility, whereas there was no effect at the 0.15% level of NPP. The NC1 control has previously been shown to meet the requirement of the hen for P (Hughes et al., 2008) ; therefore, the addition of P as a result of phytase activity would result in a dietary NPP level above requirement and close to the 0.35% control. In line with this thought, this extra P seemed to reduce protein and amino acid digestibility to the levels of the PC hens. When hens are truly deficient in P (0.15% NPP, NC2), one could theorize that the release of phytate P would only result in meeting the P requirement of hens and this would not have an effect on digestibility. It should be noted that the NPP level only had a significant effect on fecal protein retention in the NC2 comparison. However, in all cases, the 0.15% NC2 numerically increased apparent amino acid digestibility in comparison to the PC. In fact, with the exception of lysine digestibility in 0.15% NPP at 200 units per kilogram of phytase, all diets with the lower NPP, including those with phytase addition, had numerically higher values than the positive control (0.35% NPP). This suggests that excess P decreases amino acid digestibility and where benefits are seen as a result of phytase, this may in fact be an effect of NPP level rather than the enzyme itself. These results might help explain why there is considerable variability in the effect of phytase on amino acid digestibility.
Contrary to the results of the current study, Van der Klis et al. (1997) demonstrated an improvement in phytate digestibility of CSM diets containing 0.12% NPP with 250 and 500 units per kg phytase in laying hens. In the present study, the lowest level of phytase supplementation to the NC1 diet (considered P adequate) slightly increased phytate digestibility and higher levels resulted in a linear reduction. In contrast, adding 200 and 400 units per kilogram of phytase to the NC2 diet resulted in increased phytate degradation (from 38 to 53 and 58% respectively); however, the positive effect of phytase supplementation disappeared with 600 U/kg of phytase with 35% hydrolysis. It is not known why this decrease in phytate digestibility occurred with increasing levels of phytase addition. It is possible that P in excess of the requirement of the hen inhibits phytase activity.
Previous research on the effects of phytase supplementation on diet AME has produced variable results. Ravindran et al. (2000) demonstrated that adding 400 and 800 units per kilogram of phytase to a diet containing 0.23% NPP resulted in improved AME values, whereas Liebert et al. (2005) found that 300 units per kilogram of phytase in a laying hen diet containing 0.12% NPP did not improve diet AME. In the present study, addition of 400 and 200 units of phytase per kilogram of NC1 and NC2 diets, respectively, increased AME in comparison to the PC, but overall, the results are not consistent.
Our data show that phytase supplementation of diets adequate in P (NC1) had no effect on bone ash at 42 or 61 wk of age. Our data also fail to show an effect on 42-wk bone ash when phytase was added to P-deficient diets (NC2). However, similar to the findings of Liebert et al. (2005) , our data indicated that the phytase supplementation to a diet deficient in NPP significantly improved bone ash up to levels seen for a diet adequate in NPP at 61 wk of age. The improvement in bone ash level seen with phytase addition is a good indication that phytase was associated with an improved ability of the bird to utilize dietary P, a decrease in the amount of P being removed from the bone, and thus results in the long-term maintenance of a healthy bird throughout the entire production cycle. The fact that the response was only seen at later stages of production is logical in that an effect is more likely to occur after a more extended period of egg production.
Research has indicated that phytase supplementation of broiler diets reduces endogenous secretions and may improve gastrointestinal tract health (Cowieson et al., 2004; Pirgozliev et al., 2005) . This directly relates to a role of phytase in improving apparent digestibility and supports the possibility of a phytase-induced change in gastrointestinal tract morphology. The latter was demonstrated by Wu et al. (2004) , who found that phytase reduced the relative weight and length of the small intestine by 11.4 and 14.1%, respectively, in broiler chickens. Because of the high cost of digestive tract maintenance, these changes may affect production efficiency. In this research, a reduction in dietary inorganic P from 0.35 to 0.25% (NC1) NPP reduced the length of the jejunum and ileum and the addition of phytase increased length in a linear fashion with supplemented level. Although not significant, the same trend occurred for jejunal and ileal weight. This effect was not seen to the same extent when 0.35% was compared with NC2 diets with the exception that the duodenal weight for hens fed 0.15% NPP was smaller than for the 0.35% NPP control. Although phytase addition numerically increased duodenum weight, the effect was not significant. It is of interest that the gut size results are the opposite of ileal fecal protein digestibility and fecal N retention and suggests a possible connection to P content.
The results of this experiment indicate that the digestibility or retention coefficients of most of the nutrients studied were not improved with exogenous microbial phytase supplementation of the CSM-based diets of laying hens, whereas the removal of NPP from the diet had a positive effect on nutrient digestibility. The effect of diet P on nutrient utilization is further shown as protein and amino acid digestibility decreased with increasing phytase supplementation to the P-adequate diet. In contrast, addition of phytase to P-deficient diets did not cause a negative effect and in fact all low-P diets resulted in numerically better amino acid digest-ibility and significantly better fecal protein digestibility than the PC treatment. Research is required to confirm the effect of diet P on nutrient utilization and determine if improved amino acid utilization as a result of phytase addition is related to P rather than a specific phytate effect. The addition of phytase to diets deficient in NPP was effective in maintaining the P status of the bird as determined by bone ash.
